INTRODUCTION
Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae) is a highly polyphagous and widely distributed worldwide, living in tropical and temperate regions (Sharma et al. 2008) . Recently, this species was considered a quarantine pest in Brazil. However, at the beginning of 2013, high infestations of H. armigera were reported in soybean crops in the states of Goiás and Bahia, and in cotton in the state of Mato Grosso. This was the first record of the occurrence of this pest on the American Continent (Czepak et al. 2013) . Recently, H. armigera was reported causing damage in tomato crop in the four largest tomato-producing communities in the south of the Espírito Santo state (Pratissoli et al. 2015) .
In tomato crops, females have the habit of ovipositing on the upper part of the plants, close to the youngest flowers and leaves, laying individual eggs, and in the abaxial face of the leaflets. Until the third instar, the young larva feeds mainly tender leaves, inflorescences, and fruits. In the last instar, the insect prefers to descend through the plant and penetrate the fruits to feed on the placenta and seeds. During this phase, the greatest losses occur in the crop, which can affect up to 55% of the production (Tay et al. 2013; Usman et al. 2013 ).
In Brazil, the management of H. armigera still is in an initial establishment stage; but in countries where this pest is already widespread and causing economic losses for a longer time, the chemicals have been the main control tactic used; therefore, populations of H. armigera have developed resistance to various groups of insecticides. In addition, the exclusive use of these agrochemicals causes an increase in production costs, severe damage to the environment, and the health of rural workers and consumers (Czepak et al. 2013; Mamta et al. 2016; Roditakis et al. 2017 ).
In order to minimize the problems arising from the use of chemical insecticides, tomato-breeding programs have aimed to obtain resistant varieties to insect pests. Thus, alleles from the wild tomato accessions are responsible for the production of chemical compounds known such as allelochemicals and/or glandular trichomes. The selection for high content of allelochemicals and in some cases glandular trichomes has led to correlated responses in the increasing level of resistance in tomato pests (Resende et al. 2009; Baier et al., 2015; Lucini et al., 2015; Dias et al., 2016; Silva et al., 2016; Andrade et al., 2017) .
The species of tomato Solanum habrochaites var. hirsutum has been reported as resistant to H. armigera (Talekar et al., 2006; Safuraie-Parizi et al., 2014; Muthukumaran, 2016) and other tomato pests. The resistance is associated to the high concentration of the zingiberene allelochemical (ZGB) in the leaves, which is a compound derived from secondary metabolism, produced and exuded by type IV and type VI glandular trichomes (Carter et al., 1989; Freitas et al., 2002) . Higher content of zingiberene and higher densities of these types of trichomes have been correlated with the increase in the resistance levels of tomatoes via the mechanisms of antixenosis and antibiosis (Gonçalves et al., 2006; Oliveira et al., 2012; Lima et al., 2015; Fernandes et al., 2016) .
Considering this information, the objective of this study was to verify the resistance to H. armigera caterpillar in tomato genotypes. These genotypes were selected for high zingiberene content in the leaves in the segregating population (F 2 ) of the first backcross for the tomato crop for 'Redenção' Solanum lycopersicum from accession 'PI-127826' of S. habrochaites var. hirsutum.
MATERIAL AND METHODS

Location of experiment conduction
The experiment was conducted at the Olericulture Sector and the Laboratory of Plant Physiology/Horticulture, Department of Agronomy, State University of the Center-West CEDETEG Campus, UNICENTRO, Guarapuava-PR, latitude 25°23'00''S and longitude 51°29'38.50''W, and 1,024 meters of altitude.
Acquisition of genotypes with high zingiberene content and high density of type IV and type VI glandular trichomes
The population of F 1 and F 2 were obtained from the interspecific crossing ('Redenção' × 'PI-127826'). The commercial Redenção variety has a determined growth habit, with industrial processing characteristics, resistance to Gemini virus and tospo virus, low contents of zingiberene in its leaves, and low density of type IV and type VI glandular trichomes (Ferraz et al., 2003) . 'PI-127826' is a wild accession of the species Solanum habrochaites var hirsutum, with high contents of zingiberene in the leaves, high density of type IV and type VI glandular trichomes, and resistance to the tomato pests (Carter et al., 1989; Freitas et al., 2002) .
In the population F 2 , selected plants with high contents of zingiberene in the leaves, which were used as a source of pollen for crossing with the Redenção variety and obtaining the generation F 1 from the first backcrossing. From self-fertilization of plants F 1 RC 1 , we obtained the segregating population (F 2 ) of the first backcrossing for the Redenção variety used in the present study.
For the evaluation of the zingiberene content in the leaves, we used 600 plants from the F 2 RC 1 population, besides 40 plants of each of the parents were transplanted into pots with a capacity of 2 dm 3 and kept in the greenhouse. At 35 days after transplanting, six leaf discs of young leaflets from the middle part of the fully expanded plants were collected, using a cutter, and placed in test tubes, totaling 6 cm 2 of each plant. To extract the zingiberene, 2 mL of PA distilled hexane was added to the leaf discs in test tubes and shaken for 40 seconds on a vortex tube shaker. Then, for the quantification, the samples were subjected to spectrophotometer reading (Cary 100 UV-Vis) with absorbance at the wavelength of 270 nm.
The selection was made based on absorbance values of the four genotypes with high levels of zingiberene ('RVTZ-2011 -pl#117', 'RVTZ-2011 -pl#185', 'RVTZ-2011 -pl#335', and 'RVTZ-2011 . These genotypes were cloned via axillary shoot proliferation in expanded polystyrene trays with 128 cells. These tray cells were filled with a commercial substrate containing a blasted pine bark base for multiplication and used in resistance tests to H. armigera. The trays containing the shoots were kept in a greenhouse and irrigated manually until the roots formed and the vegetative structures developed. Seeds of the Redenção variety were sowed at the same time as the clones and fifteen days in before sowing the accession 'PI-127826' due to the difference in germination, emergence, and growth.
The genotype characterization regarding the density of glandular trichomes was performed by collecting 40-50 days old, young and expanded leaflets from the medial part of three plants of each genotype grown in the greenhouses. For each leaflet collected, four blades of the abaxial (AB) and adaxial (AD) sides of the leaf surface were made with the aid of colorless cosmetic enamel and ground graphite. The slices were analyzed by scanning the electron microscopy (SEM) (Vega3 Tescan XM) HV at 5 kv, of 1 mm 2 to obtain images.
Then, the average density and type of trichomes were evaluated on the abaxial and adaxial faces with 1 mm 2 the leaflets, according to Luckwill (1943) and Kraus and Arduim (1997) .
Resistance testing to H. armigera
The insects used in the tests were obtained from a mass production of the Bug Agentes Biológicos ® . The eggs were kept in plastic containers (250 mL) until the larvae hatched. Then, we transferred the larvae to 50.0 ml plastic cups, containing an artificial diet prepared according to Greene et al. (1976) until reaching the pupal stage. Later, the pupae were removed from the cups and placed in 100 mm PVC cages, lined with paper towel and covered with voile fabric. Inside the cages was a piece of cotton soaked with 10% honey solution to feed the moth. The creation was maintained in air-conditioned, BOD incubator (25 ± 3°C, relative humidity of 70 ± 5%, and photo-phase of 14 hours).
The no-choice preference test was set up approximately 30 days after the transplanting of the seedlings into the greenhouse. Therefore, similar leaflet sizes from the upper-middle part of the tomato plants were placed in paper bags with the proper identification of genotype and replicate. In the laboratory, 30 mm diameter leaf discs were collected from the leaflets using a cutter. The leaf discs were placed in Petri dishes of 6 cm in diameter, lined with foam moistened with distilled water. Onto each leaf disc was release a newly hatched larva of H. armigera. The plates were closed and maintained in a BOD incubator (25 ± 3°C, relative humidity of 70 ± 5%, and photo-phase of 14 hours). The experiment was organized in a completely randomized design, with six treatments and 20 replications.
We evaluated the intensity of leaf damage and the percentage of leaf attacked using the scale of scores proposed by Labory et al. (1999) , as follows: intensity of leaf damage: 0-no damage; 1-small lesions (0.1 to 5% damage); 2-small and non-coalescing lesions (5.1% to 20% damage); 3-medium to large lesions (20.1 to 50% damage); 4-large and coalescing lesions (50.1% to 80% damage); and 5-plants totally destroyed (over 80% of damage). Percentage of leaflets attacked: 0-no leaflets attacked; 1-0.1 to 5% of leaflets attacked; 2-5.1% to 20% of leaflets attacked; 3-20.1 to 50% of leaflets attacked; 4-50.1 to 80% of leaflets attacked; and 5-more than 80% of damaged leaflets. The evaluations were conducted 24 and 48 hours' post-release by five evaluators previously trained.
The free-choice preference test was set up by using leaflet of the upper part of the plant approximately 35 days after the transplanting of the seedlings. In the laboratory, these were placed in 6 cm diameter Petri dishes, containing a cotton layer moistened with distilled water. In each plate, two leaf discs of 3 cm in diameter each were placed with the adaxial side facing upwards, connected by a continuous transparent acrylic tape, which allowed the insect to free choice between the two leaves. In the middle portion of the tape was released a first instar larva of H. armigera. The plates were maintained in the BOD incubator (25 ± 3ºC, relative humidity of 70 ± 5% and 14-hour photophase) and the evaluation was performed 24 hours after releasing of the larvae. The experimental design was a completely randomized design with six treatments and 20 replications.
The antibiosis test was set up on 6 cm diameter Petri dishes, lined with cotton moistened with distilled water, where a leaflet of each of the genotypes was placed approximately 40 days after the transplant. Onto each leaflet was transferred one first-instar H. armigera from the creation of maintenance, using a fine-bristled brush. The leaflets of the genotypes were systematically changed until the larvae changed to the pre-pupal stage. The plates were closed and maintained in a BOD incubator (25 ± 3°C, relative humidity of 70 ± 5% and 14-hour photophase). The experimental design was completely randomized, with 30 replications.
The following biological parameters were evaluated: larval phase duration, larval length, larval viability, leaf area consumed, and duration of pupal stage, pupal viability and sex ratio.
Statistical analysis
The data collected were submitted to the Shapiro Wilk test of normality and Bartlett's test for homogeneity. In order to meet these assumptions, the data referring to preference tests with non-choice and antibiosis were transformed into √(X+0.5). Analysis of variance was performed, and the means were compared by the Tukey test at 5% probability using the SISVAR software (Ferreira, 2008) . Data on bioassays with a chance of choice were analyzed by the chi-square test (P ≤ 0.05), testing the hypothesis of equality between observed and expected frequencies of individuals who were going to each treatment.
RESULTS
The four tomato genotypes ('RVTZ-2011 -pl#117', 'RVTZ-2011 -pl#185', 'RVTZ-2011 -pl#335', and 'RVTZ-2011 selected for high levels of zingiberene did not differ among each other in the absorbance values, and higher absorbance values were observed when compared to the Redenção variety, but smaller when compared to the wild progenitor 'PI-127826' (Table 1) . A greater number of type IV and type VI glandular trichomes were observed in the abaxial and adaxial faces for these genotypes; the total number of glandular trichomes (IV + VI + AB + AD) were higher compared to the Redenção variety and lower when compared to the accession 'PI-127826', except the genotype 'RVTZ-2011-pl#335' which is not different from 'PI-127826' in the number of type IV trichomes of the adaxial side of the leaflets. On the adaxial side, the four genotypes selected also did not differ from the 'PI-127826' accession in relation to the type VI trichomes (Table 1) .
The no-choice preference test, genotypes with high levels of zingiberene and high-density type IV and type VI glandular trichomes presented lower visual notes of leaflet damage intensity compared to the Redenção variety, and they were higher when compared to the accession 'PI-127826', except the genotype 'RVTZ-2011-pl#335', which did not differ from 'PI-127826' in the evaluation at 24 hours after releasing the H. armigera. Regarding the intensity of leaf damage evaluation, after 48 hours of releasing the larva, no differences were observed between the selected genotypes compared to the 'Redenção' progenitors and 'PI-127826' (Table 2) .
For the percentage of the attacked leaflet evaluated in this test, the four genotypes selected for high zingiberene contents presented lower visual scores compared to the Redenção variety and they were higher when compared to the 'PI-127826', except for the genotype 'RVTZ-2011-pl#335', which did not differ from the 'PI-127826' in the evaluation 24 hours after releasing the larva. In the 48-hour evaluation, no significant differences were observed between the selected genotypes and the 'PI-127826' accession, but these genotypes, as well as 'PI-127826', presented lower scores for the percentage of the leaflet attacked in relation to the Redenção variety (Table 2) . A lower percentage of H. armigera were observed on the leaflet discs of 'PI-127826' in relation to genotypes ('RVTZ-2011 -pl#117', 'RVTZ-2011 -pl#185', 'RVTZ-2011 -pl#335', and 'RVTZ-2011 with high levels of zingiberene and high density of glandular trichomes and the Redenção variety ( Figure 1A ) in the free-choice preference test. In contrast, the Redenção variety showed a higher percentage of choice in comparison with these four selected genotypes and with the accession 'PI-127826' ( Figure 1B ).
(A) (B) The antibiosis test showed H. armigera fed with leaflets of the genotypes 'RVTZ-2011-pl#117' and 'RVTZ-2011-pl#335', with high levels of zingiberene, had a longer larval phase when compared to the Redenção variety. However, the genotypes 'RVTZ-2011-pl#185' and 'RVTZ-2011-pl#503' did not differ from the Redenção variety. The larvae fed with leaflets of wild accession 'PI-127826' did not complete the larval stage (Table 3) . The larvae fed a leaflet of 'PI-127826' and genotype 'RVTZ-2011-pl#117' with high zingiberene contents presented lower length and mass when compared to the other genotypes. When fed with the other selected genotypes 'RVTZ-2011-pl#185', 'RVTZ-2011-pl#335', 'RVTZ-2011-pl#503', the larvae had smaller length and mass compared to the caterpillar fed with the Redenção variety (Table 3) .
Larval viability was lower for all genotypes with a high content of zingiberene and high density of type IV and type VI trichomes in contrast to the Redenção variety. All larvae fed with the 'PI-127826' genotype died before completing the larval stage (Table 3) . The total leaf area consumed by the caterpillars was higher in the Redenção variety than the other genotypes. The genotypes selected for high zingiberene contents were more consumed by larvae than 'PI-127826', except for the genotype 'RVTZ-2011-pl#117' that did not differ from wild accession (Table 3) .
During the duration of the pupal stage, the H. armigera fed with genotypes with different zingiberene content did not differ from each other. The insects fed with leaflets from the wild access 'PI-127826' did not enter in this biological development stage (Table 4 ).
The viability of the pupae was lower for the two genotypes 'RVTZ-2011-pl#117' and 'RVTZ-2011-pl#185' compared to the other two genotypes 'RVTZ-2011-pl#335' and 'RVTZ-2011-pl#503 ' with high levels of zingiberene. Although they presented lower averages for this parameter, the genotypes ' RVTZ-2011-pl#335' and 'RVTZ-2011-pl#503 ' did not differ from Redenção variety (Table 4 ).
In the adult stage, the sexual ratio was lower for the selected genotypes compared to the Redenção variety. Insects fed with leaves from the wild accession, which had higher levels of zingiberene, did not reach adult stage (Table 4) . 
DISCUSSION
The genotypes selected in the segregating population of the first backcrossing for the Redenção variety have lower zingiberene content than the wild parental 'PI-127826'. These are classified as high (absorbance above 0.3 in reading at 270 nm) and sufficient to increase the level of resistance of the tomato to arthropod pests (Glas et al., 2012; Lima et al., 2011) .
The genotypes selected for high zingiberene contents also showed a high density of type IV and type VI glandular trichomes, on both faces of the leaflets. This shows that most of the zingiberene contents in the tomato leaflets are released by the glands contained at the end of these types of trichomes. Maluf et al. (2001) , Freitas et al. (2002) , Gonçalves et al., (2006) , Bleeker et al., (2012) , and Oliveira et al., (2012) also attributed the presence of this allelochemical to the type IV and type VI glandular trichomes.
In both free-choice and no-choice preferences tests, genotypes selected for high levels of zingiberene and with a high density of type IV and type VI glandular trichomes were less preferred by H. armigera, which confirms the action of these factors in increasing the level of tomato resistance to this insect pest by the mechanism of antixenosis or non-preference.
The genotypes with high zingiberene contents in the leaves and greater average number of type IV and type VI trichomes were effective in causing an antibiotic effect in the development of H. armigera, but at a lower level than wild accession 'PI-127826', since the larvae fed with leaves of this genotype did not enter the pupal stage. This may be due to 'PI-127826' has higher contents of zingiberene in the leaves and greater average number of glandular trichomes than the selected genotypes. Silva et al. (2016) and this study verified an association between the increase of the level of resistance by the mechanism of antixenosis and antibiosis in the development of H. armigera fed with leaflets of genotypes with the highest densities of type IV glandular trichomes, coming from the crossing of the tomato with the wild accession 'LA-1401' of S. galapagense.
Resistance caused by zingiberene and type IV and type VI glandular trichomes, both via antixenosis and antibiosis has also been reported for other important pests of the tomato crop, such as tomato pinworm Tuta absoluta (Oliveira et al., 2012) , the whitefly Bemisia tabaci (Silva et al., 2009 ), the two-spotted spider mite Tetranychus urticae (Gonçalves et al., 2006) , among others. Lima et al. (2015) found high estimates of heritability for the content of zingiberene in the leaves and found the level of this allelochemical is controlled by two genes with incomplete dominance in the sense of lower content, using populations from the crossing of the Redenção variety with accession 'PI-127826'. This may reflect satisfactory genetic gains over the backcrossing over generations, using the indirect selection for resistance to arthropods pest based on zingiberene contents. Indirect selection facilitates the selection process, are done directly in the field or laboratory, but in most cases, it is not feasible in large plant populations such as the segregating populations.
CONCLUSION
In general, the indirect selection of tomato genotypes for the zingiberene allelochemical content and high density of type IV and type VI glandular trichomes in the segregating generation of the first backcross for the Redenção variety was efficient to obtain genotypes with higher resistance levels to H. armigera, both by the mechanism of antixenosis and by the antibiosis. The selected genotypes are promising to continue the tomato-breeding program, aiming to obtain tomato genotypes with characteristics desirable for industrial processing and resistant to H. armigera.
